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INTRODUCTION
Considering the present trend in chemical industries, it goes without saying
that we are in a polymer age. Exclusive of inorganic compounds and metals, over
80% of all materials are polymeric. Synthetic high molecular weight polymers
constitute an important new class of materials which includes rubbers, plastics,
fibers. These materials are important largely because of their mechanical
properties. In this respect, it is increasingly important to understand the reason
why they should become mechanically unservicable.
Many types of studies have been done on solid state polymers to understand
their mechanical properties, such as impact strength, compression strength,
temperature behavior, and elasticity just to name a few.
Polymer fracture research came into play in the bid to understand and use
this increasingly important material. Polymer fracture research is important for
several reasons:^
(1) For general scientific interest;
(2) For an insight into mechanisms of failure of polymers, thus a
guide to the producer, to the possibility of improving the polymer
properties;
(3) As an insight into the cause of failure in use and processing
method or into construction of various support materials;
(4) As a means of diagnosis of cause of failure.
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With the advent of Scanning Electron Microscopy (SEM) came the field of
Fractography. It became possible to view the sample surface as a whole. SEM
bridged the gap between the optical microscope which has limited focus, field of
view and magnification, and the Transmission Electron Microscope (TEM).
Fractography or examination of fractured surfaces at high magnification is a well
established field especially in metallurgy. It is most powerful in providing
information about the nature of crack propagation in materials, and is used
extensively in analyzing failures in service design and manufacturing. Many
features of the SEM make it an ideal tool to study fracture surfaces and provide
the basis for this type of research. It is possible to see the whole specimen in
focus. In comparison, the optical microscope has a very limited depth of focus,
approximately 1/500 of the SEM. The scanning electron microscope gives clear
visible features of polymer fractures at low magnification, and much fine details
can be examined at higher magnification.
Basic to the understanding of any problem in microscopy, a clear
understanding of the nature of image formation is necessary. In examining
surface topography, whether in reflected light or scanning electron microscope,
one is viewing an image resulting from radiation reflected from the surface.
In the scanning electron microscope, the source emits primary electrons.
Many physical effects are induced by the interaction of an electron beam with the
surface of the solid specimen as shown in Fig. 1. These include secondary electron
emission. X-ray emission, cathodoluminescence, induced current and induced
voltage in the specimen.
To study surface topography with the scanning microscope the contrast
mechanism is developed primarily from the low energy secondary electrons. The
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Incident Primary Electrons
Fig. 1. Interaction of primary electron beam with specimen.
other effects caused by the electron interaction with the surface can be used for
other studies, like, X-ray for material analysis, transmitted primaries for
specimen thickness, voltage contrast modulation of low energy secondaries for
specimen electrical fields, and laternal current for specimen electrical properties.
In scanning electron microscopy an electron beam from the source is focused
by an electron lens system (Fig. 2). The beam sweeps across the specimen rapidly
stimulating the emission of secondary electrons from the tiny areas it strikes.
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Fig. 2. Block diagram of SEM.
5
These are collected to produce a signal which is then amplified. The amplified
signal from the collector is received by a cathode-ray tube. The face of the
cathode ray tube is scanned by an electron beam in synchronism with the beam
scanning the specimen, to produce an image of the object. High resolution and
magnification of SEM is attained by the lens systems. The condenser lens
produces a fine intense beam of electrons, and is called focusing lens. The
objective and projector lenses (final lens in diagram) enhance contrast of the
image, improve resolution and magnify the image.
The objective for this research is to fracture some plastic sheets under
tension, and observe the fractured surfaces with the scanning eiectron micro¬
scope, to determine some fracture patterns and features on the fractured surface.
Some fracture models and mechanisms shall also be discussed.
THEORY AND REVIEW
An understanding of factors influencing fracture surface topography is
necessary for the application of the scanning electron microscope in fractography.
Two factors influence the fracture surface topography:
(i) Mode of fracture - The loading condition and the types of tests affect
the fracture topography extensively. The cyclic fracture test, impact fracture
test or the tensile fracture test (used in this research), will produce different
features in the surface topography.
(ii) Environment - The fracture surface topography has been shown to be
dependent on environment. Pelloux showed that samples fractured in air and
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vacuum had different topographical details. The corrosive nature of some
environments may alter the sample surface.
In fractography studies the influence of both factors has to be taken into
consideration. The effect of environment can be eliminated by testing and
preserving different samples in identical non-corrosive environments. The effect
of nature of loading cannot be eliminated, but with experience, features unique to
loading conditions can be recognized and their effect on crack propagation
deduced.
A moving crack will take the least resistant path through the material. A
common problem encountered In material science is identification of second
phases such as porosity, inclusions (added particles) and phase transformation
products. Most inclusions lying close to the plane of the crack will be visible on
6
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the fracture surface. The strength of the inclusion and its bonding to the matrix
will determine whether the crack will go through the inclusion or around it. The
presence or absence of inclusions will affect the properties of the sample. Thus in
reporting average test data for identical samples under identical test conditions,
fractography utilizing SEM micrography may be useful in explaining the scatter in
results.
Two classes of polymers are dealt with in this research, structurally
homogeneous polymers and composite polymers. Many theories have been
postulated to explain the mechanical properties and establish fracture mechanisms
of polymers. There are many variables that can bring about the limitation of
performance in plastics (polymers). In considering the theories for the fracture of
polymers, it is necessary to discuss in brief some characteristics of polymers
which may be important in this context.
Characteristics of Polymeric Materials
Polymeric materials are characterized by a long, threadlike molecular form,
the individual molecules being made up of a large number of identical units in
sequence. They are synthesized by two different kinds of chemical reactions
which give rise to two different kinds of products. The first, addition
polymerization, occurs with the unsaturated monomers of the general structure
CH2 =CXY and yields a polymer consisting of a continuous chain of substituted
carbon atoms. Teflon, Fluorogold, Fluorogreen, Roulon, and Garlock used in this
research fall under this class. The second, condensation polymerization, involves
either cyclic compounds containing a heteroatom or group, or a mixture of di¬
functional monomers and atoms, produces a polymer with a main chain which
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contains heteroatoms at irregular intervals, alternating with carbon chains. Nylon
66 is an example of this type of polymerization. In both types of polymerization
processes, mixture of monomers may be used to produce copolymers. Polymers
are characterized by average molecular weight and a particular molecular weight
distribution because in the experiments, the lengths and weights of the molecules
show a distribution. A number of structural features are also displayed.
Polymerization reactions yield primarily linear molecules. However, side chains
can introduce branches which may themselves by very long.
Polymers can be crystalline or noncrystalline. A crystalline polymer is
composed of two phases, crystalline and noncrystalline. The amount of each phase
depends on the condition under which the polymer was manufactured. The
internal structure of the polymers at the time of test plays an important part in
determining its properties. Since crystalline polymers have two phases, the
amount of each phase will affect the response of the polymers to an imposed
force, depending on the amount of orientation of each phase. Studies have shown
that tenacity (to failure), deformation and shrinkage of polymers (polypropylene,
polyethylene terephthalate) are dominated by the softer and more mobile
noncrystalline region. Melting studies on restrained fibers and dynamic
mechanical studies show further evidences of the importance of the noncrystalline
region in deformation processes.^”^
Tensile Fracture of Homogenous Polymers
Ductile and brittle response. It is not possible to give a precise definition of
"brittle” or ductile in relation to the response of polymers to stress. Under
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controlled conditions in the laboratory experiments can be performed and a
number of characteristics can be described, which may result in an operational
definition of the failure phenomena. Brittle behavior is associated essentially
with an elastic response of the material, so that, up to the failure point (in
tension), the deformation of the sample is uniform, and the crack which is
responsible for rupture rapidly transverses a plane normal to the direction of
applied stress. The rupture sample shows no sign of inelastic deformation. The
force-deflection relation is linear or shows very little curvature up to the failure
point.
Samples which respond in a ductile manner usually show much larger
deformations which may not be uniform along the sample length. If rupture
occurs, the exposed surface of the material frequently shows extensive deforma¬
tion which is not recoverable and this may extend over the length of the sample.
The curve of force and deflection is nonlinear, and before the failure point, the
slope of the curve may become zero or negative.
It is generally accepted that the tensile component of stress is responsible
for brittle fracture, and that ductile yielding occurs under the influence of the
shear component. This is indicated by the fact that a brittle fracture surface is
normal to the tensile stress. Lines of shear, can frequently be observed in
polymers that yield in a ductile manner. The applied stress and geometry of the
sample determines the relative magnitude of the tensile and shear stress
components in the sample; in particular, the tensile stress component will be
increased in the area of the notch. Ludwik suggested that there is a ductile-
0
brittle transition in polymer response to stress. His hypothesis is based on a
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postulate that there is a characteristic ductile failure (shear) stress and a brittle
fracture (tensile) stress, both of which are functions of experimental conditions,
and the nature of the materials. The mode of failure is determined by which of
these two critical stresses is first exceeded in the sample and therefore, depends
on the relative magnitudes of the critical stresses under the conditions of the
experiment and the nature of the stress field in the sample. This hypothesis can
explain the ductile-brittle transition, the dependence of the faiiure mode on the
nature of the applied stress system, and the influence of notches.
Failure mechanism. It is assumed that in any polymer sample there is a
distribution of flaws. Under deformation conditions the flaws act as areas of
stress concentration which can cause formation of cracks and uitimate faiiure of
the polymer. In addition to internal structure, temperature and rate of
deformation play an important role in the mechanism of failure. Opposed to the
failure mechanism is the ability of the sample to deform plastically to relieve and
redistribute the stress. Slow rates of deformation at high temperature allow the
molecular motions necessary for plastic deformation. High rates of deformation
at low temperature do not allow time for the molecules to rearrange; therefore
the flaw mechanism predominates here.
Polymer samples deformed slowly at temperature high enough, have a
stress-strain curve shown in Fig. 3. The molecules have enough mobility and time
avaiiable to rearrange the internal structure to relieve the stress.
Structural consideration. The crystallites in polymers usually organize into
shallow pyramidlike structures cailed spherulites. The spherulite structure is
slowly destroyed as the sample is stretched. When the sample is stretched




Fig. 3. Representation of stress-strain curve and structural changes.
and the spherulites deform into elipsoids. The arrangment of the crystalline and
noncrystalline components of the polymer, under the applied stress, is responsible
for this characteristic change in the shape of the spherulites.
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The process of reorganization during deformation continues with increased
sample elongation until the crystals cannot support the applied force. At this
point the tightly interconnected extended elliptical spherulite structure is
destroyed and microfibrillar structures develop. Stress builds up in the fibrillar
structures as the non-crystalline chains get more oriented. Finally flaws develop
as the whole structure cannot support the stress. Therefore the flaw mechanism
predominates as there is no more plastic deformation possible in the sample, and
the sample fractures.
If the deformation process is carried out slow enough for all these changes
to occur, the strength of the sample at failure will not depend on its state of
orientation at the beginning of the experiment. On the other hand, if the
deformation process is very fast and at low temperatures, no motion is allowed for
the molecules, the flaw mechanism predominates, and the strength of the sample
at fracture will be a function of the state of orientation of the specimen before
deformation.
There is, however, a region of transitional behavior between these two
extremes, where some plastic deformation can occur before the failure mechan¬
ism takes control. This intermediate region is a function of rate of deformation,
temperature of deformation, and the initial state of orientation.
Measurable parameters of the structural factors that affect crystalline
polymers are the fraction of crystals, the orientation function of the crystals, and
the orientation function of the noncrystalline chains. Techniques iike X-ray
diffraction, birefringence, sonic modulus, and infrared dichroism, can be used to
obtain these experimental parameters.
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Tensile Fracture of Composites
Broutnnan and Krock defined composite materials as a combination of at
least two chemically distinct materials with a distinct interphase separating the
9
components. The separate materials forming the composite must be combined
three dimensionally, creating properties which would not be achieved by any of
the components alone.
Most composite materials are dispersion-strengthened composite, particle
reinforced composite, and fiber reinforced composite. In composite, there is a
matrix and a second phase distributed within it. The second phase which is usually
harder than the matrix is added to achieve some net property improvement. The
three classes of composites are distinguishable by their microstructures. Disper¬
sion strengthened composite materials have dispersoid sizes of 0.01 to 0.1
micrometers in diameter uniformly dispersed in a volume concentration of 1-
15%. Particle reinforced composite materials have dispersed size above 1.0
micrometers and dispersoid concentration exceeds 25%. Fiber reinforced
composite materials span the entire range of size, from a fraction of a
micrometer to several millimeters in diameter, and the entire range of volume
concentration from a few percent to greater than 70%. They have one long
dimension which the other two composites do not.
Fibrous reinforcement. Fiber reinforced materials (plastics) are a special
sophisticated class of composite materials. They are anisotropic, and the degree
of anisotropy depends on the degree of fiber orientation. For example, maximum
strength and stiffness is observed when all the fibers are oriented with their
lengths parallel to the applied load. The strength is much lower if the fibers are
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oriented perpendicularly to the applied load or are randomly oriented. The degree
of anisotropy and the desired strength can be controlled by the proper selection,
packing and orientation of the fibers.
In fiber reinforced polymers, the primary role of the fibers is to carry the
load, while the polymer matrix serves to transfer and distribute the load to the
fibers. The consequence of this is that the mechanical properties of the
composite should depend more on the fiber than the matrix. By suitable
combinations of fiber and matrix polymer and by control of the fiber orientation
and relative ratio to matrix, the composite material can be given improved
toughness, strength, stiffness, and high temperature resistance.
Stress-strain reiation in composites. One assumes that the composite fibers are
uniform, continuous, undirectional, and firmly gripped by the matrix so that no
slippage can occur at the interface between fiber and matrix^^ (Fig. 4). The total
load on the composite, P^, is thus shared between the fiber load, P^, and the
matrix load, P^ (eqn. 1).
Fig. 4. Model of fibrous composite.
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P = P + P,
c m f (1)
In terms of stresses;
°c = * '^fVf (2)
where o is a stress and V represents a volume fraction. The strain c experienced
by the composite is equal to the fiber strain and also the matrix strain e^,
^c = ^m = ^f (3)
Equation 2 can be rewritten in terms of the elastic modulus E as
E e V + E.e V.
m c m f c f (4)
or
+ E:. e (l-V )
c m c m f c m
(5)
since V- + V =1.
f m









From Eq. 6, it can be seen that to maximize the load carried by the
composite it is necessary for the fiber modulus to be much greater than the
matrix modulus and it is necessary to maximize the volume fraction of the fiber.
The maximum volume percent of cylindrical fibers that can be packed in a
composite is 91%, but usually, above 80% by volume the composite properties
begin to decrease. This is because of the inability of the matrix to wet and
infiltrate the bundles of fibers. This results in poorly bonded fibers and voids in
composites.
Ultimate tensile strength of continuous fiber composites. The ultimate strength
0? the composite is ideally reached at a total strain equal to the strain of the
fibers at their ultimate tensile strength assuming that the fibers are uniform and
all have the same tensile strength.
The ultimate strength of the composite,
cu t min (7)
*
where a is the ultimate tensile strength of the fibers in the composite, is
the strain of the fiber at ultimate strength and is the matrix stress when the
fibers are strained at their ultimate strain. For the fibers to produce a material
stronger than the matrix the strenth of the fibrous composite must exceed the






where 0^^ is the ultimate tensile strength of the matrix. Eq. 8 defines a critical
volume fraction of fibers Eq. 9, which must be exceeded for fiber
strengthening.
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Omu — ^ <^m
'^crit ~ (9)
For small values of the behavior of the composite may not follow Eq. 7.
This is because there are an insufficient number of fibers to sufficiently restrain
the elongation of the matrix so that the fibers are rapidly stressed to their
fracture point. In experimental composites, the fibers continue to fragment in
situ once > e*f The net composite strength is represented by ‘^mu*
Therefore, failure of all the fibers results in immediate failure of the composite
only if
cu
This defines a minimum volume fraction,
the composite is to be given by Eq. 7.
(10)






Tensile Behavior and Modes of Fracture of Composites
Consideration here include modes of failure, parameters that influence the
tensile strength, and theories of strength appropriate to the observed modes of
failures.
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Optimization of composite behavior depends on "unit structural behavior"
among the constituent elements. Unit structural behavior means that each
element of reinforcement and matrix is well bonded to its neighbor to ensure
uniform force transfer between constituents. Deformation of the constituents is
considered as a single structural unit. Analysis of the deformation behavior and
most often the ultimate strength behavior assumes unit structural behavior. Such
composites must be considered or viewed as ideal or "model" composites.
Fracture behavior in general, must focus attention on one or more ways in which
unit structural behavior breaks down. This breakdown can take the form of failure
of either of the constituents, failure of bonds between them resulting from a
combination of flaws introduced during manufactures and stress and environ¬
mental influences present during loading.
Three classes of composites shail be considered, (1) composites made of
strong fibers and matrix materials both of which behave in a ductile manner; (2)
composites made with strong brittle finite-length fibers in a ductile matrix; (3)
composites made of brittle fibers exhibiting wide scatter in tensile strengths in a
semibrittle matrix material such as an epoxy resin.
The first class of composites with strong fibers and matrix material both
ductile in nature, exhibit a good fiber-matrix bond. They usually fail in a ductile
by plastic-flow instability. The composite strength depends on a combination of
fiber and matrix tensile strength and matrix ultimate shear strength. The
strengths of both the fiber and matrix are reproducible quantities governed by
plastic-flow properties of each material and each exhibit minimum scatter.
Strength behavior of this "model" composite can be described in terms of the
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fibers and matrix and the volume fractions of each. Analysis of such composites
involves consideration of several important parameters, such as, fiber volume
fraction, V^, and fiber length to diameter ratio for finite length fibers in the
simplest fashion.
The second "model” of composites made of strong brittle finite-length fibers
in a ductile matrix behaves in a more complex manner. Two failure modes are
observed; composite fracture resulting from fiber fracture or composite failure
resulting from fiber pull out of several broken and/or finite length fibers. In the
first mode of fracture, the cross section of the composite fracture coincides with
the cross section of the brittle fiber fracture, which suggests that the first fiber
fracture overloaded the remaining fibers in that cross section. The second mode
of fracture involving fiber pull-out, suggests any or all of the following: a weak
fiber- matrix bond, a matrix weakness and/or flaws resulting from fabrication.
In analysing the tensile strength of this "model" of composites, both failure modes
must be considered. When the tensile strength of the fibers can be described by
an average fiber strength, this analysis becomes an extension of the previous
analysis.
The third model or class of composites considered has a further degree of
complexity, which is added when the brittle fibers, exhibiting a wide scatter of
tensile strengths, involves some critical accumulation of fiber fractures, which
are finally extended alternately parallel to the fibers by crack extension either in
the matrix or fiber-matrix interface and normal to the fibers leading to a very
jagged fracture. Theories of strength and fracture analysis of these composites
employ a statistical description of the fiber strengths and some criterion of a
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critical accumulation of fiber fractures based on the bundle strength analysis and
matrix crack extension parallel to the fibers.
The discussion of tensile behavior and mode of fracture of fibrous composite
shall be divided into two parts; (1) composite behavior described by the average
fiber strength and (2) composite behavior described by bundle statistical analysis.
I. Composite behavior described by average fiber strength. Considerations here
include tensile behavior, strength, and failure of model composites containing
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fibers that exhibit a uniform tensile strength. McDanels, Jech, and Weeton and
Kelly and Davies^^uggested that deformation may proceed in four stages which
can be shown in the stress-strain curve (Fig. 5).
(a) Both the fibers and the matrix deform elastically;
(b) The fibers continue to deform elastically, but the matrix now deforms
plastically;
(c) Both fiber and matrix deform plastically;
(d) Additional plastic deformation occurs accompanied by fiber fracture
which results in composite fracture when the accumulation is
sufficient.
All four stages develop if both the fibers and matrix deform plastically. If
the fibers are brittle, stage (c) is not present and stage (d) may be very limited.
The tensile properties of composite materials can be predicted reasonably
well from the stress-strain curves of the fiber and matrix by applying the principle
of combined action (rule of mixtures) Eq. 12:
Ec = . Vm (12)
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Fig. 5. Stress-strain curve of matrix reinforced with fibers.
In stage A, the composite modulus, E^, can be predicted accurately by the
"rule of mixture". This can be written in terms of tensile stress as:
= a-A. + o^A^ (13)c c f f mm
where the cross sectional area of the composition A^, is equal to the sum of the
cross sectional areas of the fibers, A^, plus the matrix, A^. The volume fraction
V. is defined as V. = A,/A , thus A /A = 1 — V,. The composite stress a canf ffc mc T c
be written as:
a = ay + a (1-Vj
c f f m f (14)
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Similar to Eqs. 7 and 8 above. Stage (b) may occupy the largest portion of the
composite stress-strain curve, and in this portion the matrix stress-strain curve is
no longer linear. In this stage also,
e < e < c '15)
my c fy
where and are strain of the matrix and fibers at yield respectively.
Eq. 14 can be written as:
w-v
(16)
and the modulus must be predicted at each strain level by
E^ = E,V, + (d /d )V^c T T m m m (17)
where da /de is the slope of the stress-strain curve of the matrix at the strain
mm
of the fibers.
In stage (C) Eq. 14 becomes
= 0.fy omy'l -V (18)
II. Statistical accumulation of fiber fractures. Several investigators observed
final fracture of parallel filament composites and suggested that, final fracture
depends on a dual fracture criteria; fiber fracture and matrix (resin) cracking,
both of which must be simultaneously satisfied before complete fracture
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occurs. ’ A concept describing the presence of voids in the composite is
introduced. It considers the composite members to be divided into small volumes
and the fibers in the small volume to behave like a bundle of unconnected
fibers.^^’^^ The void distribution is non-uniform and voids tend to collect
producing local regions of a high void density. In these small volumes of high void
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density, the shear transfer through the matrix is effectively eliminated. The
initial failure corresponding to a bundle fracture is anticipated in the weakest of
these small volumes with high void density. The failure sequence consists of;
Fracture of filament in one of these small bundles of fibers followed by mode
II crack extension parallel to the fibers initiating final fracture. Mode II crack
extension encounters and causes additional broken fibers and lead to complete
failure. In this hypothesis the small fractured bundle of filaments is assigned the
role of the "effective weakest link" in the heterogeneous composite. The strength
of the small fibers associated with these void regions may be treated as a
statistical variable with a normal distribution.
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The mean, is given by Daniels as;
{ l-wF((jp} (19)
where w is a small element of fiber volume and F is the probability function
of finding the strength in an elemental volume.
Other Factors Affecting Composite Fracture and Properties
The complexity of multiphase systems makes a thorough understanding of
behavior of plastic composites difficult. The difficulty arises from inherent
problems in the quantitative assessment of the different factors that are
responsible for the performance of the composite some of which have been
discussed earlier. The significance of interfacial relationships in reinforced
polymers has been recognized for many years. Work in this area led to the
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development of surface treating compound for glass. The mechanical
properties of glass-reinforced composites in which the glass is used in an
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unfinished form, i.e. without surface treatment (heat cleaned), are greatly
affected by moisture. These mechanical properties and low wet strength (or
adhesion) of the composites supported the desirability of modifying the glass
surface to improve the interfacial relationships between the fiber glass and the
resin, thereby also increasing the structural intergrity. One of the main concepts
for developing treatment of glass was the provision of "coupling” between the
reinforcing consitituent and polymer matrix. This led to the development of
coupling agents or resinophilic agents. The interfacial compounds used for
treatment of fiber glass fall into two general categories; (1) organometallic
compounds and (2) organosilane. The specific action of these treatment remains
a subject of dispute. Although results obtained from studies suggest improvement
of interfacial relationships in composites that use appropriate treatments, the
indirect evidence does not and cannot supply unqualified information about the
chemical or physical bond conditions at a particular interface.
The great strength enhancement and resistance to fracture which occurs
when one combines high-strength glass fibers with a low-strength, low modulus
polymer matrix is well known. The high strength and toughness of the resulting
composite material, to a great extent, depend on the many polymer-glass
interface so that the maximum stress can be transferred from the polymer matrix
to the glass reinforcement. A void or an air pocket existing at the interface will
cause a stress concentration regardless of the stress state. In addition the
unsupported length of the fiber (i.e. length of the void parallel to the fiber axis)
will be subjected to buckling when compressive stress exists in the fiber. A poorly
bonded area in the interface will cause rupture of the interface at very low
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stresses, and the resulting discontinuity at the interface will also act as a stress
concentration. The results of this leads to fracture.
EXPERIMENTAL
Test Samples
The following samples were used in the research:
(1) Fluorel (CH2= CF2, polyvinylidene fluoride) manufactured by 3M
(Minesota Mining and Manufacturing Company),
(2) Nylon 66 (polyhexamethylene adipamide) manufactured by Dupont,
(3) Kel-F (polychloro-trifluoroethylene) manufactured by 3M,
(4) Teflon (polytetrafluoroethylene) manufactured by Dupont,
(5) Garlock BS 73-fiber filled Teflon manufactured by Garlock Inc.,
(6) Fluorogold-fiber filled Teflon manufactured by Fluorocarbon Corpora¬
tion,
(7) Fluorogreen-fiber filled Teflon manufactured by Dixon Corporation,
(8) Roulon A-fiber filled Teflon manufactured by Dixon Corporation.
The specimens were rigid and semirigid plastic sheets about l/16th of an
inch thick and 3/4th of an inch in diameter. These dimensions allow the samples
to be fractured by the ASTM D638 standard test. The shape of the samples
supplied (circular) was not in the form of the standard dumbbell-shape of test
samples. The samples were supplied by NASA.
Preparation of Test Specimens
The polymeric samples were plastic which came from the manufacturer as
thin circular sheets. A groove was made on the outside of both sides of the
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specimen at the ends of its diameter, as illustrated in Fig. 6.
Fig. 6. Shape of test specimen.
The portion of the polymer with the groove is where the specimen will
break. Five trials of each sample were prepared. The thickness of the specimen
was measured with a micrometer at several points between the grooves and
averaged out. The width was measured with a low powered optical microscope
with a filler eyepiece.
Instrumentation
Instron Testing Instrument. The machine used for tensile fracture of the
polymers was the Instron, Model 1130, with a constant-rate-of crosshead
movement. Fig. 7.
The Instron has the following essential features:
(1) a stationary member, carrying one grip,
(2) a movable member carrying one grip,
(3) grips for holding the test specimen between the fixed member and the
moveable member.
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Instron testing instrument Model 1130.
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Points to note are:
(a) The grips are self aligning, that is,they are attached to the fixed and
moveable members, respectively, in such a v/ay that they move freely
into alignment as soon as any load is applied. This ensures that the
vertical axis of the test specimen coincides with the direction of the
applied pull through the center of the grip assembly
(b) Grip surfaces are deeply serrated so that the test specimen are held
firmly to prevent slippage.
(c) A drive mechanism imparts to the movable member a uniform,
controlled velocity with respect to the stationary member.
(d) A load indicator shows the tensile load carried by the test specimen
when held by the grips.
The specimen was placed in the grips of the test machine (Instron). The
grips were fastened such that the distance between ends of the gripping surface
were equal, as also the distance of both grip ends from the groove. It was
necessary to tighten the grips firmly and evenly to prevent slippage of the
specimen during the test. The speed of the machine was set to the testing speed
(2.6 and 1.3 cm/min). The sweep scale for the marker was then set. The machine
was started. The load-extension curve was recorded.
Micrometer. A micrometer was used to measure the thickness of the
specimen. The thickness of the specimen was measured between the grooves.
Some of the samples were not evenly thick. So an average value was chosen for
the thickness after about three measurements.
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Optical Microscope. An optical microscope was used to measure the width
of the polymer sheets to be fractured. A dissecting microscope, Model number
569, manufactured by American Optical Corporation, with a filar micrometer
eyepiece served this purpose. It was necessary to use this microscope because of
its low magnification on zoom, 0.7x. Magnification of the filar eyepiece was lOx.
The filar eyepiece has the following essential features, stage micrometer,
with a range of 0-25mm of which the last division is subdivided into ten divisions
(0.1mm division) to enable measurements at higher objective magnifications.
There is the filar micrometer with a scale, and a fiduicial line which marks
the edge to be measured. The filar micrometer is calibrated with the stage
micrometer. This is done such that a certain number of millimeters on the stage
micrometer correspond to an equivalent number of divisions on the filar
micrometer. From the calibration, any subsequent measurement with the filar
micrometer can be converted to width in millimeters.
Scanning Electron Microscope (5EM). The omniscan SEM used in this
research is shown in Fig. 8.
The essential features of a scanning electron microscope, indicated in the
block diagram are: an electron source (usually tungsten), electromagnetic lenses
for focusing a tiny spot of electrons from the source on the specimens, a means of
scanning the spot across the specimen, the collector for detecting the response
from the specimens, a display system capable of being scanned in register with the
incident scan (cathode ray tube), and the amplifier for transmitting the response
from the specimen to the display system (Fig. 2).
Specimen Preparation. Specimen preparation in scanning electron micros¬
copy is quite simple; however, poor preparation and mounting techniques will
result in low quality micrographs, due to poor conduction from the specimen to
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Fig. 8. Omniscan scanning electron microscope (SEM).
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the sample holder. It is necessary to have good conduction from the sample to
the holder. Proper mounting of the specimen and proper use of the microscope
gives high resolution in the micrograph.
The size of the specimen was about 0.5 - 1mm long cut off the top of the
upper fractured surface of the sample. The sample holder is a metal stud. The
type of glue used for sticking the specimen to the holder should ensure that there
is good electrical conduction between the specimen and the mount. The glue
should, however, be one that does not seriously outgas in the vacuum used in the
instrument. A silver-glue was used for this purpose, it is easily prepared and
quickly dried.
Specimen Coating. Some obstacles in the electron microscope are charging,
poor or excessive electron emission, and vacuum damage. The application of a
conducting layer of carbon or metals is an important and a popular method for
surpressing charging and increased electron emission. The purpose for coating is
to put a uniform covering of conductive material, so that the surface of the
coating is an exact positive replica of the surface underlying the material. The
production of a continuous uniform layer requires that each face of the sample is
presented to the source for the same time. For scanning electron microscopy, the
material may be deposited on the sample surface by vacuum deposition. Gold-
palladium is used quite often for it has good electron emission characteristics.
The deposition of the metal is done in an evacuated chamber flushed with inert
argon gas.
Sputtering Unit. The EMS-76 is the unit used to sputter gold on the
specimen. It consists of a gold electrode which is the sputtering cathode, a lucite
cylinder, sample platform, and a baseplate (Fig. 9).
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Fig, 9. Sputtering unit.
Essential features in the sputtering unit are: a meter which reads current to the
sputtering target (20 ma or less), a pressure guage - which monitors pressure in
the process chamber, a power control which controls out-put current to the
sputtering target, a vent valve used to return the process chamber to atmospheric
pressure, a bleed valve which controls sputtering pressure, a high voltage supply
switch, a pressure guage switch, and a timer which controls deposition time.
Coating Procedure. The sample on a supporting stud is placed on a small
platform about one inch above the baseplate. The chamber is closed, the vent
valve closed, and the mechanical pump turned on. The chamber is pumped down
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to approximately 100 microns. The bleed valve, which controls coating pressure,
is then opened until the pressure rises to 150 - 200 microns. The timer is set to
coating time (30 sec. - 2 mins.) depending on the nature of the sample. The high
voltage switch is then turned on which starts the timing cycle. The high voltage
automatically shuts off at the end of the cycle, after which the mechanical pump
is also turned off, and the vent is opended to permit the chamber to be opened.
The sample is inserted into the scanning electron microscope.
Operation of the Omniscan Scanning Electron Microscope
To observe the coated sample in the scanning electron microscope, the
switch is turned to the "on” position and the entire panel lights up. At the back of
the microscope, the valve on the nitrogen tank is turned clockwise till meter reads
2 to 5 psi. To open the chamber, the vacuum control switch is turned from "evac"
to "vent," the Z knob on the chamber door is also turned to 15 microns, and the
specimen door opened. The specimen is then put in the chamber, and the vacuum
switch is switched to "evac". The electron source is controlled by two switches,
the filament temperature and KV switch. The "Fil temp" switch is first turned on.
After 5-10 seconds the KV switch is also turned "on". Video amplification is
controlled from the collector switch which is now turned to "on". To see specimen
on the screen, (CRT), the "brightness" knob is turned clockwise until the image
appears, after which the specimen is focused with the focus controls. The




Nylon 66; A general view of the polymer fracture is shown in Fig. 10a.
Special topographical features in the figure are, an origin, A, a smooth area, B,
and deformed area, C, and the fracture tip. Fig. 10b shows the origin of tear of
nylon under tension at slightly higher magnification 72.8X. Multiple tears are seen
each opening in a V shape. These features probably induced the fracture. Fig. 10c
shows the area B of Fig. 10a at 130X. This region lies above the tear region or
origin. It is a smooth, featureless area, with some reflectivity (mirror area). At
this point, the fracture progresses slowly until it reaches a critical size for the
applied stress. Then it propagates rapidly. A transition region before fracture is
shown in Fig. lOd (area C of Fig. 10a). It is an area of rapid growth, showing some
rough features caused probably by plastic deformation. Fig. lOe is a higher
magnification view of Fig. lOb showing the V shape of the origin of fracture and
the multiple tears there.
Fluorel; Figures lla-d, show the scanning electron micrographs of Fluorel.
Fig. 11a gives a general view of the fracture (at a low magnification of 11.7x).
The surface of the fracture is seen to be horizontal and normal to direction of
stress. This is characterisitc of brittle fractures. Shear lines are seen in Fig.
11b. They seem to originate from the area indicated by the arrow, at the bottom
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Fig. 10a. SEM. micrograph of Nylon 66. Magnification 12.5X. General view of
fracture.
Fig. 10b. SEM micrograph of Nylon 66. Magnification 72.8X. Origin of fracture.
Reference area A.
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Fig. 10c. SEM micrograph of Nylon 66. Magnification 130X. Reference
area B.
Fig. lOd. SEM micrograph of Nylon 66. Magnification 237X. Reference area
C.
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Fig. lOe. SEM micrograph of Nylon 66. Magnification 237X. Reference 10b.
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Fig. 11a. SEM micrograph of Fluorel. Magnification 11.7X. General view of
fracture normal to direction of pull.
Fig. 11b. SEM micrograph of Fluorel. Magnification 34.8X. Origin of fracture
snowing origin of shear lines.
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Fig. 11c. 5EM micrograph of Fluorel. Magnification 123X. Reference lib
showing void and shear lines.
Fig, lid. SEM micrograph of Fluorel. Magnification 3730X. Reference shear
line.
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left of the figure. Propagation of the lines is from left to right, as the shear lines
thin down in that direction. Some inclusion and void can also be seen. The lines
on the surface indicate the stress pattern and crack direction. Thick portions of
the lines are places of stress concentration and tear resistance. After a critical
stress, there is fast rupture, the resistance and the thickness of the lines reduce as
the tear propagates. Fig. 11c is an intermediate magnification view of Fig. 11b.
Fig. lid shows a shear line (at 3730x). The surface of the polymer is rough and
porous.
Kel-F; The fracture pattern of Kel-F is shown in Figs. 12a-d. Fig. 12a
shows the general fracture pattern at a magnification of 11.5x. Notice that most
of the fracture surface is horizontal to direction of stress. The elevated end is
probably due to some secondary origin fractures at that end (shown by white
arrow). The black arrow is pointing to the possible origin of fracture, with lines
radiating from it into the fractured surface. Fig. 12b shows a close up of the
possible primary origin of the fracture at the center of the figure. It can be seen
to progress in a cone-like or radial manner from the point indicated in the figure
by the arrow. The dark spots are shadows of filaments of the polymer above
surface. As mentioned for Fig. 12a, the polymer Kel-F has a secondary crack
origin. Fig. 12c shows this crack head at 52x with disconnected crack initiations.
Note that the crack levels are different. However, the cone-like or radial pattern
described in the primary origin can also be seen here. Fig. 12d shows this pattern
of radial, cone-like crack initiation in the secondary crack head at a higher
magnification 237x.
A2
Qg- SEM micrograph of Kel-F. Magnification 11.5X. General view of
fracture.
SEM micrograph of Kel-F. Magnification 45.5X. Origin of fracture
showing ''adial propagating of lines from the origin. ’
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Fig. 12c. SEM micrograph of Kel-F. Magnification 52.4X. Secondary crack
origins.
Fig. 12d. SEM micrograph of Kel-F. Magnification 237X. Origin at secondary
crack head showing lines radiating from the origin.
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Teflon: Under tensile pull, Teflon is seen to break with its fractured surface
normal to the axis of pull, Fig. 13a. The next figure, 13b, shows the middle
portion of the fracture surface. The shear line in the center is elevated and more
pronounced. The fracture probably lagged and delayed in this protion of the
polymer. Fig. 13c shows a possible crack initiation. The crack starts at a level
lower than the horizontal surface in a V shape and progresses into the surface.
Lines are seen to originate from the bottom of the V shape and radiate into the
fracture surface. Propagation of the lines is from right to left. Fig. 13d at 1075x
shows a fibril-like mesh on the shear lines. This probably suggests an area where
there is resistance to tear at region of origin. When the crack reaches critical
size for the applied stress, the fracture propagates very fast with little resistance.
The end portion, where fracture propagates very fast, shows no fibrillar mesh (Fig.
13e).
Composites
The next set of polymers are heterogenous. They are various degrees of
filled Teflon, mostly glass filled.
Features of the surface topography for those composites are common to all.
They show both surface roughness and a high value of total filler. This means that
there is not a simple plane through the composite. It also implies that the rupture
travels from one filler unit to an adjacent one. The fillers in the matrix act as
zones of relative weaknesses; the fracture follows the path of least energy. The
fillers thus introduce sites of relative weakness while at the same time producing
materials with superior strength and modulus. The fillers also prevent the matrix
from deforming as it would without fibers. On fracture there is branching and
broadening of the tip of a growing tear, resulting in multiple internal failures
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Fig. 13a. SEM micrograph of Teflon. Magnification 18.4X. General view of
7'racture, normal to direction of pull.
Fig. 13b. SEM micrograph of Teflon. Magnification 57.IX. Middle portion of
fractured surface with slightly ele-vated shear line in the center.
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Fig. 13c. SEM micrograph of Teflon. Magnification 65.9X. Origin
Fig. 13d. SEM micrograph of Teflon. Magnification 1975X.




Fig. I3e. SEM micrograph of Teflon. Magnification 2210X. Shows area of rapid
fracture, no fibrillar mesh.
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around filler particles. Some of these phenomena and features are evidenced in
the micrographs studied.
Garlock BS73; Figs. 14a and b show a low magnification of Garlock BS73.
The matrix has some white inclusion, and the fracture surface is rough, having a
high density of randomly arranged fillers. In Fig. 14c some matrix fibrils are seen
attached to the surface of the fibers. There was probably some kind of bonding
between the fibers and the matrix. Some fiber pull out can be seen in the center
of the figure. The cross section of the fiber surface shows a clean break and
indicates a brittle fracture. Fig. 14d at 3270x gives a high magnification view in
support of the fact that the matrix splits before the fiber breaks. The cross
section of the fiber fracture is flat and undeformed, indicative of a brittle
fracture.
Fluoroqold; A general view of the fracture surface is seen in Fig. 15a. Fig.
15b shows the rough nature of the fractured surface, with pores or voids. Fig. 15c
shows fibers sticking out of the matrix. Notice that the fibers are not all pointing
to the same direction. In the bottom half of Fig. 15d there is evidence of some
fiber pull out. The upper half shows strained matrix and a fiber above the level of
the matrix, evidence of fiber support. The fiber surface is clean and does not
indicate any kind of bonding with the matrix. Probably there was some kind of
adhesive bond or mechanical bond keeping fiber in and matrix together. The top
of the fractured fibers are flat and indicative of brittle fracture.
Roulon A; The rough nature of the fracture can be seen in Fig. 16a. This
kind of surface shows no distinct origin of fracture. The fibers sticking out are
evidence that the matrix breaks before the fibers. Fig. 16b shows some voids or
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Fiq. 14 a. SEM micrograph of Garlock BS73. Magnification 12.3X. Matrix with
white inclusion.
Fiq. 14b. SEM micrograph of Garlock BS73. Magnification 59.3X. General view
of fracture.
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Fig. 14c. SEM micrograph of Garlock BS73. Magnification 1130X. Shows matrix
■fibrils attached to fiber surface.
Fig. 14d. SEM micrograph of Garlock BS73. Magnification 3270X. Shows that
matrix fractures before fiber.
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Fig. 13a. SEM micrograph of Fluorogold. Magnification 14.OX. General view of
fracture.
Fig. 15b. SEM micrograph of Fluorogold. Magnification 61.4X. Reference rough
surface with voids and fibers sticking out of matrix.
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Fig. 15c. SEM micrograph of Fluorogold. Magnification 22.3X. Shows random
orientation of fibers and rough nature of surface.
Fig. 15d. SEM micrograph of Fluorogold. Magnification 1503X. Reference
fiber puli out shown by white arrow.
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Fig. 16a. SEM micrograph of Roulon A. Magnification 49.OX. Rough nature of
fracture surface.
Fig. 16b. SEM micrograph of Roulon A. Magnification 90.6X. Voids on frac¬
tured surface.
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areas of weakness which are probably manufacturing fault. Features like this
induce fracture before the ultimate strength. Fig. 16c indicates that the fibers
are randomly oriented in the matrix. Pieces of fibers can be seen on the surface,
probably because of multiple fracture of the fibers which can result from bending
or twisting if the specimen was not well aligned between the grips of the Instron.
The cross section of the fiber surface are flat and indicate that they are brittle.
The deformation seen on this surface can be explained as resulting from an even
distribution of stress because of random array of the fibers or because of twisting.
Fig. 16d shows some brittle fiber break, some fiber pull out, and some fibers held
in the matrix. However the exposed surface of the fibers are clean and smooth.
Fluoroqreen; Fig. 17a shows a rough surface fracture with a high density of
randomly scattered fillers. Some pieces of fibers lie on the surface with no
evidence of being tied or held by the matrix, probably due to multiple fiber
fracture. From figures 17b and 17c one can deduce that the tear of the matrix
branches and broadens from fiber to fiber as fracture takes place. This of course
leads to multiple internal failures. Evidence of this is seen from the scattered
paths of the matrix. Brittle fracture of the fiber fillers is shown by the flat cross
section of the fractured surface. No evidence of fiber pull out appears. Fig. 17d
is a high magnification view of the fracture patterns of Fig. 17c.
II. Discussion
The size of the material used in this research (1/16 by 3/4 inch) posed some
difficulty which probably affected the results.
Diagnostic and characteristic results for the samples are obtained with rod¬
like samples where effective tensile parameters like strain, elongation and elastic
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Fig. 16c. SEM micrograph of Roulon A. Magification 133.5X. Shows randomly
oriented fibers.
Fig. 16d. SEM micrograph of Roulon A. Magnification 650X. Shows fiber pull
out and brittle fiber break.
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Fig. 17a. SEM micrograph of Fluorogreen. Magnification 33.9A. Shows a rough
surface fracture with high density of randomly scattered fillers.
Fig. 17b. SEM micrograph of Fluorogreen. Magnification 552X. Reference
rTgTTTc.
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Fig, 17c. SEM micrograph of Fluorogreen. Magnification 734X. Shows tear of
the matrix branching and broadening from fiber to fiber.
Fig. 17d. SEM micrograph of Fluorogreen. Magnification 1150X. Reference
brittle fiber fracture surface, propagation of fracture in matrix.
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modulus can be monitored. However, the samples for this research were modified
to suit the purpose of the research. Grooves made on the outside edge of the
center diameter localized the fracture at the center of the specimen. The shape
of the sample (round) caused uneven distribution of stress. The fracture, however,
occured at the portion with the smallest area, as expected. There were however,
some limitations in the sample preparation which could affect the results. All
surfaces of the specimen should be free from flaws and scratches. These flaws
and/or scratches could induce early fracture and this would affect tensile stress
data and elongation data. Marks left by coarse preparation should be carefully
removed with a file or abrasive to produce a smooth surface. This was not done in
this work.
The grooves should be properly centralized or else there will be uneven
distribution of stress in the specimen.
Measuring the width and thickness of the specimen required some careful
and accurate judgement. The sample was a little bit thicker in the middle than
the periphery, with a difference of ±0.04mm. Measurements of the thickness
were taken at three spots across the specimen and an average value noted. For
the width of the sample, the top and bottom widths were slightly different by
virtue of the instrument used to make the groove. A series of width
measurements were taken from both sides of the specimens and an average width
noted, usually with a variation of iO.lOmm.
The specimens were fractured on the Instron before observation in the SEM.
There were limitations on using the Instron some of which came from the sample
shape. By virtue of the small size of the specimen, on tightening the grips for a
59
perfect hold, there was some amount of compression towards the middle of the
sample.
Other limitations or sources of errors are, load verification of test machine,
verification of cross-head speed, and verification of chart speed.
Breaking the specimen was done at two cross-head speeds, 2.6 and 1.3cm
min”^. The load was also varied when breaking the specimen. The load was varied
to observe an expanded record of the load-extension plot. If the full scale on the
chart is 500 lbs. and this is reduced to 200 lbs., one observes an expanded plot of
the fracture in the latter case.
The Instron data (Table 1) are breaking stress, strain or % elongation and
elongation at break. Nylon 66, Kel-F and Fluorel, ail structurally homogeneous
polmers, are considered together. The other group considered is Teflon and filled
Teflons (Roulon A, Garlock BS73, Fluorogold and Fluorogreen). Nylon 66, showed
the highest tensile stress at break followed by Kei F then Fluorel which was
elastomeric in nature. Nylon 66 gave an average breaking stress of 660 ± 22
2
kg/cm . This is in accordance with reported values for Nylon 66, which cover the
2 2
range of 400-1200 kg/cm . Fluorel gave an average of 68.7 ± 1.4 kg/cm .
Considering its relative strain at break, and elongation at break, Kel-F (chloro-
trifluoroethylene) was very brittle, having a low strain of 12-13% and an
elongation at break of 1mm. This low elongation for Kel-F might have been from
the fact that it is very brittle. So on making the grooves in the specimen some
microcracks were initiated. Because of this and the nature of Kel-F, on tensile
pull, the fracture moved rapidly across the specimen allowing for very little
elongation and possibly low breaking stress, Fluorel was quite elastomeric with
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Nylon 66 1 653 93 0.74
2 653 87 0.69
3 655 98 0.76
4 729 165 1.3
5 640 128 1.02
6 632 91 0.72
Average 660 ± 22 110 ± 24 0.87 ±0.19
Fluorel 1 68 194 1.52
2 67 159 1.26
3 66.5 190 1.49
4 69.8 193 1.54
5 70.1 199 1.59
6 68.5 195 1.56
7 71.5 200 1.59
Average 68.7± 14.9 190 ±8.8 1.50 ±0.07
Kel-F 1 477.3 12.3 0.10
2 468.9 12.3 0.10
3 457.8 12.3 0.10
4 490.7 12.3 0.10
5 458.2 12.3 0.10
6 422.8 12.3 0.10
7 469.9 12.8 0.12
Average 463.6 ±14.9 12.37±0.12 0.102±0.004
Teflon 1 169.5 207 1.65
2 151.8 179.8 1.42
3 156.1 188.7 1.44
4 160.5 185.0 1.47
5 152.1 193.8 1.54
6 145.0 181.0 1.44
7 150.3 188.0 1.50














Fluorogold 1 118.6 162.2 1.29
2 125.1 158.8 1.26
3 132.4 163.9 1.30
4 117.8 154.9 1.23
5 127.8 161.3 1.28
6 139.3 158.8 1.26
7 125.0 161.3 1.28
Average 126.5 ±5.4 160 ± 2.1 1.27 ± 0.02
Fluorogreen 1 122.6 142 1.13
2 117.7 142 1.14
3 140.2 113 0.9
4 141 90.4 0.72
5 124.0 90.4 0.72
6 127.8 136 1.09
7 141.5 138 1.11
Average 130.7 ±8.7 121.6 ±20.3 0.97 ± 0.16
Roulon A 1 132.5 140 1.12
2 119 133 1.06
3 108 136 1.09
4 112.4 121.6 0.97
5 114.5 121.6 0.97
6 124 150 1.18
7 116 153 1.22
8 113.5 147 1.16
Average 117.4 ±5.7 137.7 ± 9.6 1.09 ± 0.06
Garlock BS73 1 109.4 106.3 0.85
2 117.9 107.5 0.88
3 114.1 101.1 0.80
4 108.9 92.2 0.73
5 101 116.5 0.93
Average 110.2 ±4.5 104.7 ± 6.4 0.83 ± 0.05
Q
%Elongation = (final length-original length)/original length as given by (chart
displacement x 100)/(magnification ratio x gauge length).
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the highest strain of 160-200% and an elongation of 12-15mm. The Nylon 66 was
probably undrawn, with a strain at break of about 90-150% and elongation at break
of from 7-llmm. The spread of results shown by specimens 4 and 5 of nylon was
probably due to the grooves not being well centralized. This can bring about
uneven stress distribution and twisting in the specimen which probably resulted in
the deviation. Strain at break of 90-500% has been reported for nylon.
Teflon is a homogeneous polymer and the filled Teflons are heterogeneous.
Looking at the data from the Instron, one observes that Teflon has a higher
breaking stress than the filled Teflon. This is consistent with the fact that the
matrix of Teflon has inclusions, the fillers, which act as voids or flaws in the
matrix. As a result, the breaking stress of the filled Teflons are lesser than
Teflon. However, one would expect the modulus of the filled Teflon to be higher
than that of Teflon, because the fillers (glass) have a higher modulus than Teflon
(rule of mixture). Looking at the strain and elongation data, as expected, because
of the fillers in the Teflon matrix, there is less extention per unit length in the
filled Teflon than unfilled Teflon. This is evidenced in the data, showing Teflon
with a higher elongation at break and higher strain than the filled Teflons. This
means that the filled Teflons are stiffer than the homogeneous Teflon.
The results reported were in conformity with the expected results or earlier
22
results reported within the limitations mentioned. Dixon Corporation has
reported elongation of 100% minimum for Roulon A and 150% minimum for
Teflon. Results obtained here show Roulon A 137% and Teflon averaging 188%.
2
Tensile stress of 143 kg/cm has been reported for Teflon. Dixon
o 2
Corporation reported stress for Teflon and Roulon at 23° of 107 kg/cm^ minimum
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2 2
and 85.9 kg/cm minimum respectively. An average stress value of 154.7 kg/cm
2
is obtained for Teflon and 104.6 kg/cm for Roulon A. It was not possible to
obtain manufacturer's information for the other samples not mentioned to
compare to results obtain in the research for proprietory reasons. However, the
results reported are characteristics of the samples.
Studies of polymer fracture have revealed different fracture mechanisms.
From observation during Instron testing, data reported and mechanism discussed,
the following classification of fracture can be made on the samples studied.
Brittle Elastic Fracture. Florel and Teflon fall under this class of fracture.
Here on tensile pull, the polymers showed high extensibility evidenced by strain at
break. As the polymers were pulled, on crack initiation at a surface fault, there
was rapid failure. The fracture surface was normal to the direction of the stress,
as shown by the micrographs. These features and mechanism are characteristic of
a brittle elastic fracture.
Brittle Fracture. Kel-F showed rapid failure following crack initiation.
There was, however, multiple initiation cracks and very little or negligible elonga¬
tion. This fracture can be classified as brittle. The fracture level is horizontal on
one side and elevated a bit on one side (as shown by micrograph) probably because
of the secondary origins on that side of the polymer. There is, however, no sign of
plastic deformation.
Ductile Crack Growth. Nylon can be classified in this fracture type. Here,
the failure of the polymer involved crack growth unlike the first two types
mentioned. The polymer fails on the surface and during crack propagation the
crack opens to a V-shape. Ahead of the crack there is plastic deformation and
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finally failure occurs. These mechanisms are evidenced in the micrographs for
nylon. There are, however, variations of this basic fracture pattern ( ductile
crack growth) on tension and sometimes multiple ductile crack growth occurs.
The composites fractured from a combination of mechanisms. During the
tensile pull, there is some transfer of stress between matrix and fibers. Note that
from the micrographs, the matrix seems to consist of dense fibrillar structures.
The matrix has voids in it, which make the stress transfer inefficient and failure
starts. There are multiple origins because of multiple faults. The failure
propagates in the matrix and broadens as it moves from fiber to fiber and grows
from micro-voids to macro-voids. As the pull continues, failure of the matrix
occurs by separation of the fibrillar structures and a final shear tear between the
ends of the split as show by micrographs at high magnification (Figs. 17b-d). At
this point some of the fibers are still supporting the composite. The fibers are
overloaded such that some pull out of the matrix and some undergo brittle
fracture. This kind of failure mechanism accounts for the high fiber density on
the surface of the fracture, and the rough nature of the polymer fracture surface.
To a certain degree, one can say the composites fracture at an angle to the fiber
axis. If the fibers were oriented parallel to the direction of the pull, one would
probably observe the composites to fracture perpendicular to the fiber axis.
CONCLUSION
Scanning Electron Microscopy has made it possible to study the morphology
of polymer fractures. This research has demonstrated some different types of
polymers fractures. There is therfore need to work on some other aspects of this
subject. Manufacturing conditions of the composites were proprietory to the
industries. The availability of such information can lead to study of influence of
manufacturing conditions on fracture. The various forms of fracture which will
occur for a given condition, such as use or processing, can be studied and this will
help in the improvement of the processing method of the polymers and their uses.
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